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Abstract 

The  relationship  between  the  structure- specific  capacitance  (Fg-1)  of  a  composite  electrode  consisting  of  activated  coconut-shell  carbon 
and  hydrous  ruthenium  oxide  (RuO/OH/)  has  been  evaluated  by  impregnating  various  amounts  of  RuO/OHfy  into  activated  carbon  that  is 
specially  prepared  with  optimum  pore-size  distribution.  The  composite  electrode  shows  an  enhanced  specific  capacitance  of  250  Fg-1  in  1  M 
H2SO4  with  9  wt.%  ruthenium  incorporated.  Chemical  and  structural  characterization  of  the  composites  reveals  a  homogeneous  distribution 
of  amorphous  RuCf/OH^  throughout  the  porous  network  of  the  activated  carbon.  Electrochemical  characterization  indicates  an  almost  linear 
dependence  of  capacitance  on  the  amount  of  ruthenium  owing  to  its  pseudocapacitive  nature. 

©  2004  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Electrochemical  capacitors  (ECs)  [1]  are  attractive 
energy-storage  devices,  particularly  for  applications  that  in¬ 
volve  high-power  requirements,  such  as  electric  vehicles 
(EVs)  and  hybrid  EV  systems  [2].  The  ECs  boost  the  battery 
to  provide  the  necessary  power  for  acceleration,  and  addi¬ 
tionally  allow  for  recuperation  of  energy  during  regenerative 
braking.  In  addition,  ECs  are  used  as  power  sources  for  cam¬ 
era  flash  equipment,  lasers  and  as  back-up  power  sources  for 
computer  memory  [3,4].  The  energy- storage  in  a  supercapac¬ 
itor  is  achieved  either  by  Faradaic  or  non-Faradaic  processes 
at  the  electrode-electrolyte  interface.  Since  the  reversibility 
of  the  double-layer  process  at  the  surface  of  an  electroac¬ 
tive  material  determines  the  capacitive  performance,  a  high 
surface  area  is  a  key  factor  in  achieving  a  high-capacitance. 

Different  types  of  specially-designed  electrode  materials 
have  been  intensely  investigated  in  the  past  decade  for  fab¬ 
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ricating  supercapacitor  electrodes.  Some  of  the  well-known 
materials  include  carbon  nanotubes  (CNT)  [5-8],  carbon 
aerogels  [9],  activated  carbon  [10-12],  and  conducting 
polymer-based  nanocomposites  [13,14].  Although  CNTs  are 
potential  candidates  for  supercapacitors,  commercial  appli¬ 
cation  is  yet  to  be  realized  because  of  difficulties  in  mass  pro¬ 
duction  and  purification.  Furthermore,  the  properties  of  CNTs 
depend  on  their  prehistory  and  hence  their  reproducibility  is 
difficult  with  respect  to  their  diameter  and  conductivity  dis¬ 
tribution.  Carbon  aerogels  can  also  be  used  as  electrode  mate¬ 
rials  for  supercapacitors,  but  the  critical  drying  step  involved 
in  the  synthesis  of  this  material  is  hazardous  and  expensive 
for  practical  application.  A  comparison  of  these  different 
materials  shows  that  activated  carbon  is  one  of  the  most 
promising  materials  for  fabricating  supercapacitors,  because 
of  its  low  cost,  inherent  high  surface  area,  structural  stability, 
and  electrochemical  inertness  within  a  wide  potential  win¬ 
dow  (up  to  1  V  in  aqueous  and  3.5  V  in  non-aqueous  media) 
[15,16].  The  specific  capacitance  of  activated  carbon  is  pro¬ 
moted  by  mixing  it  with  various  metal  oxides,  which  causes  a 
significant  improvement  in  intra  and  inter-particle  electronic 
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conduction.  The  supercapacitive  behaviour  of  several  transi¬ 
tion  metal  oxides,  such  as  RuC>2, 11O2,  NiOx  and  manganese 
oxide  has  already  been  evaluated  [17-21].  Among  these, 
hydrous  ruthenium  oxide  RuO^COH)^  has  been  recognized  as 
one  of  the  most  promising  candidates  for  electrodes  as  it  can 
store  charges  by  reversibly  accepting  and  donating  protons 
from  an  aqueous  electrolyte.  This  process  is  governed  by  a 
potential-dependent  equilibrium,  as  represented  by: 

RuO*(OH)y  +  ffl+  +  5e“  -+  RuO*_5(OH )y+5  (1) 

RuO^COH)^  is  a  mixed  electronic-protonic  conductor.  Its 
electrochemical  properties  depend  on  the  amount  of  water 
incorporated  in  its  structure  and  the  change  of  oxidation  state 
(Ru4+/Ru3+)  of  ruthenium,  which  is  responsible  for  the  capac¬ 
itance.  Ruthenium  is  quite  expensive  as  an  electrode  material 
for  fabricating  viable  supercapacitors,  and  therefore  a  com¬ 
bination  ofRuOx(OH)y  with  cheap  activated  carbon  having  a 
high  surface  area  is  a  promising  alternative,  to  other  electrode 
materials  such  as  CNT  and  carbon  aerogels  that  are  also  ex¬ 
pensive  to  produce.  The  present  study  examines  the  utility  of 
activated  (high  surface  area)  carbon  made  from  coconut-shell 
for  composite  electrodes  for  supercapacitors.  The  specific 
capacitance  of  this  material  is  enhanced  by  preparing 
composites  of  the  activated  carbon  with  RuO^OH)^  col¬ 
loidal  particles.  The  electrodes  are  characterized  by  various 
techniques,  such  as  cyclic  voltammetry,  impedance  analysis, 
X-ray  diffraction  (XRD),  scanning  electron  microscopy 
(SEM)  and  pore-size  analysis  in  conjunction  with  surface  area 
measurements,  to  understand  the  reason  for  the  capacitance 
increase. 


2.  Experimental 

2.7.  Sample  preparation 

A  stable  colloidal  solution  of  RuO^OH^  was  prepared 
by  forced  hydrolysis  of  a  ruthenium  chloride  (RUCI33H2O) 
precursor  [22] .  The  composite  samples  were  prepared  by  son¬ 
icating  mixtures  of  activated  carbon  with  different  aliquots  of 
the  stable  colloidal  solution  and  distilled  water  in  a  1:1  ratio 
for  2  h  followed  by  mechanical  stirring  for  24  h.  The  sample 
was  filtered  and  washed  with  distilled  water  until  the  pH  was 
neutral  to  ensure  that  the  solution  was  free  of  chloride  ions. 
The  samples  were  dried  in  air  for  24  h  at  1 10  °C,  followed  by 
annealing  in  air  at  150  °C  for  2  h. 

2.2.  Electrode  fabrication 

The  electrodes  were  fabricated  by  mixing  75  wt.%  sam¬ 
ple  with  20  wt.%  graphite  and  5  wt.%  ethyl  cellulose  binder 
and  the  resultant  mixture  was  pasted  on  to  a  stainless-steel 
mesh  with  the  help  of  tetrahydrofuran  solvent.  The  electrode 
was  first  compacted  at  room  temperature,  followed  by  hot- 
compaction  at  155  °C  for  2  min  under  a  pressure  of  1400  kPa. 


The  electrodes  were  subsequently  dried  in  a  vacuum  oven  for 
12  h  to  remove  the  adsorbed  solvent. 

2.3.  Characterization 

Electrochemical  characterization  was  performed  with  a 
computer-controlled  potentiostat/galvanostat  (Autolab  PG- 
STAT  30  with  GPES  software)  using  a  three-electrode  assem¬ 
bly  in  which  the  given  composite  electrode  was  used  as  the 
working  electrode,  Hg|Hg2SC>4  as  the  reference  electrode, 
and  platinum  foil  as  the  counter  electrode.  Cyclic  voltam- 
metric  measurements  were  carried  out  in  the  potential  range 
of  —0.8  to  +0.7  V  versus  Hg|Hg2S04  at  different  scan  rates. 
Electrochemical  impedance  analysis  was  performed  by  an 
impedance  analyzer  (Autolab  PGSTAT  30  with  FRA  soft¬ 
ware)  in  the  frequency  range  1  MHz  to  0.1  Hz  with  an  ac 
signal  of  10  mV  amplitude.  All  the  electrochemical  measure¬ 
ments  were  performed  in  1  M  H2SO4  electrolyte. 

The  XRD  patterns  of  the  samples  were  obtained  on 
a  Philips  model  1730  X-ray  diffractometer  using  Cu  Ka 
(A=  1.5418)  radiation  at  20  values  between  5  and  90°.  A 
Leica  stereoscan  440  model  was  used  to  examine  the  sur¬ 
face  morphology  of  the  samples  by  SEM,  and  the  percentage 
of  ruthenium  was  evaluated  by  the  EDAX  (energy  disper¬ 
sive  analysis  of  X-rays)  technique.  A  NOVA- 1200  gas  sorp¬ 
tion  analyzer  was  used  to  obtain  N2  adsorption-desorption 
isotherms.  Barrett,  Joyner  and  Halenda  (B  JH),  t-plot  methods 
were  employed  to  determine  the  pore-size  distribution  and 
the  total  pore  volume.  The  Brunauer-Emmett-Teller  (BET) 
method  was  applied  to  measure  the  total  surface  area  of  each 
sample. 

3.  Results  and  discussion 

3.1.  X-Ray  diffraction  analysis  (XRD) 

A  comparison  of  the  XRD  patterns  of  activated  carbon  and 
a  typical  composite  containing  9  wt.%  ruthenium  hydroxide 
is  presented  in  Fig.  1 .  Characteristic  peaks  appear  at  20  values 
of  24,  44  and  80°  for  the  activated  carbon  and  correspond  to 
the  (100),  (1  1  1)  and  (3  00)  planes,  respectively.  Although 
no  discernible  peaks  are  detected  for  the  composite  sample, 
the  decrease  in  peak  intensity  on  impregnating  activated  car¬ 
bon  with  RuOx(OH)>;  suggests  that  the  latter  material  is  in 
an  amorphous  state.  The  results  are  in  excellent  agreement 
with  those  reported  by  Kim  and  Popov.  [23]  and  reveal  that 
the  Ru02  xH20  loaded  on  the  Vulcan  XC — 72  substrate  does 
not  display  any  characteristic  peaks  when  the  composite  sam¬ 
ples  are  annealed  at  150  °C  and  below,  thus  the  RUO2XH2O  is 
in  the  amorphous  form.  Interestingly,  the  composite  sample 
annealed  at  150  °C  exhibits  the  highest  capacitance,  which 
confirms  that  RUO2XH2O  in  the  amorphous  state  is  respon¬ 
sible  for  the  increase  in  the  specific  capacitance  of  the  sub¬ 
strate.  When  TiC>2  nanotubes  were  used  as  the  substrate  to 
load  different  amount  of  RUO2XH2O,  [24],  the  XRD  pat- 
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Fig.  1.  Comparison  of  XRD  pattern  for  (a)  activated  carbon  and  (b)  com¬ 
posite  with  9  wt.%  ruthenium. 


terns  of  the  resulting  composites  indicated  a  decrease  in  the 
peak  intensity  of  the  Ti02  nanotubes  with  no  characteristic 
peaks  for  the  RUO2XH2O  That  finding  also  suggested  that 
Ru02  xH20  was  in  the  amorphous  state  and  was  responsible 
for  the  increase  in  specific  capacitance.  Thus,  hydrous  ruthe¬ 
nium  oxide  in  the  amorphous  form  is  a  prerequisite  for  high 
specific  capacitance. 

3.2.  Structural  characterization 

Nitrogen  gas  adsorption-desorption  studies  can  pro¬ 
vide  an  alternative  means  for  characterizing  morphological 
changes  in  the  composite  samples.  The  variation  of  both  spe¬ 
cific  surface  area  (m2g_1)  and  specific  capacitance  of  the 
composite  with  various  percentages  of  ruthenium  is  given 
in  Fig.  2.  Although  activated  carbon  has  a  surface  area  of 
1 340  m2  g- 1 ,  the  composite  shows  only  460  m2  g_  1  after  im¬ 
pregnation  with  9  wt.%  ruthenium.  This  decreasing  trend  is 
not  surprising  as  several  pores  are  likely  to  be  filled  by  hy¬ 
drous  ruthenium  oxide,  as  illustrated  by  the  data  listed  in 
Table  1  that  show  the  variation  in  surface  area,  pore  area, 
pore  volume  and  pore- size  distribution  in  the  activated  car- 
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Fig.  2.  Variation  of  surface  area  and  specific  capacitance  with  wt.%  ruthe¬ 
nium  in  composite  sample. 


bon  and  the  composite  samples  as  a  function  of  the  amount  of 
ruthenium.  The  initial  increase  in  the  average  pore  diameter 

o 

from  18  to  21  A  can  be  attributed  to  blocking  of  some  micro¬ 
pores  by  RuO^OFOy.  The  surface  area  of  these  micropores 
contributes  significantly  to  the  total  surface  area  and  thus  a  de¬ 
crease  in  the  surface  area  is  observed  with  increase  in  average 

o 

pore  diameter.  Further  decrease  in  the  pore  diameter  to  17  A 
suggests  the  blocking  of  some  of  the  micropores  as  well  as 
the  mesopores  of  the  activated  carbon.  A  small  increase  in  the 
surface  area  with  the  amount  of  ruthenium  can  be  attributed 
to  the  presence  of  amorphous  RuO^OFOy  that  is  distributed 
homogeneously  in  the  mesopores  as  well  as  in  microporous 
region  of  the  activated  carbon.  This  is  also  in  excellent  agree¬ 
ment  with  the  linear  variation  in  specific  capacitance  as  seen 
in  Fig.  2;  similar  results  have  been  reported  by  Miller  and 
Dunn  [25]  who  used  a  higher  loading  (60  wt.%  ruthenium) 
of  hydrous  ruthenium  oxide  on  carbon  aerogel  and  obtained  a 
specific  capacitance  of  270  F  g-1 .  By  comparison,  our  results 
show  250  Fg-1  with  only  9  wt.%  ruthenium  in  the  hydrous 
oxide.  Hence,  along  with  the  amorphous  hydrous  ruthenium 
oxide,  it  is  also  necessary  to  choose  a  substrate  with  a  high  sur¬ 
face  area  and  an  optimum  pore-size  distribution  for  preparing 
composite  electrodes  for  supercapacitors. 

3.3.  Scanning  electron  microscopy 

Scanning  electron  micrographs  reveal  very  small  clusters 
of  RuO^COH^  attached  to  large  carbon  granules  in  the  com¬ 
posite  samples  (Fig.  3b),  while  activated  carbon  (Fig.  3a) 
consists  of  a  smaller  distribution  of  particles.  Thus,  there  may 
be  preferential  nucleation  sites  for  RuO*(OH}y  on  the  acti¬ 
vated  carbon  surface.  This  is  further  confirmed  by  EDAX 
studies  that  show  the  presence  of  ruthenium  on  activated  car¬ 
bon  with  a  peak  around  2.50  kV.  The  percentage  of  ruthenium 
was  calculated  by  averaging  the  values  obtained  from  EDAX 
analysis  at  different  positions  on  activated  carbon. 

3.4.  Electrochemical  characterization 

Cyclic  voltammograms  for  activated  carbon  and  the  com¬ 
posite  sample  in  1  M  H2SO4  are  presented  in  Figs.  4  and  5, 
respectively.  The  influence  of  scan  rate  on  the  specific  ca¬ 
pacitance,  of  the  composite  is  given  in  Fig.  5(a);  where  the 
non-Faradaic  current  increases  with  increase  in  scan  rate.  For 
porous  carbon  electrodes,  it  is  well-known  that  the  higher  the 
capacitance,  the  longer  is  the  time  required  to  acquire/release 
charges.  Thus,  the  charge  storage  capability  is  increased  at 
lower  scan  rate  due  to  the  influence  of  porosity  on  the  RC 
time  constant.  The  effect  of  cycling  on  the  charge-storage  ca¬ 
pability  of  the  composite  electrode  is  presented  in  Fig.  5(b). 
The  peak  current  increases  with  increase  in  the  number  of  cy¬ 
cles  and  scan  rate;  the  anodic  peak  shifts  positively  while  the 
cathodic  peak  shifts  negatively.  The  characteristic  peaks  that 
appear  in  the  region  —0.4  to  +0.1  V  are  attributed  to  redox 
transitions  such  as  Ru4+/Ru3+  at  the  electrode-electrolyte  in¬ 
terface  in  the  RuOx(OH)};  according  to  Eq.  (1).  The  specific 
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Table  1 


Structural  parameters  of  activated  carbon  and  the  composite  samples 


Amount  of 
ruthenium  (wt.%) 

BET  surface 
area  (m2  g-1) 

Micropore 
area  (m2  g-1) 

Mesopore  area 
(m2  g 1) 

Micropore  volume 
(cm3  g 1) 

Total  pore  volume 
(cm3  g~ 1 ) 

Average  Pore 
diameter  (A) 

Capacitance 

(Fg”1) 

0 

1340 

1266 

77.54 

0.52 

0.52 

18 

100 

1.6 

878 

786.1 

91.8 

0.32 

0.42 

19 

135 

5 

498 

455.9 

42.3 

0.18 

0.27 

21 

176 

7 

446 

428.3 

18.03 

0.16 

0.19 

17 

205 

9 

460 

435.9 

28.8 

0.17 

0.20 

17 

250 

Fig.  3.  Scanning  electron  micrograph  of  (a)  activated  carbon  and  (b)  composite  with  9  wt.%  ruthenium. 


capacitance  of  the  activated  carbon  is  significantly  enhanced 
from  100  to  250  Fg-1  for  the  composite  with  9  wt.%  ruthe¬ 
nium  in  the  hydrous  oxide  form.  More  interestingly,  a  lin¬ 
ear  relationship  is  observed  between  the  specific  capacitance 
and  the  amount  of  ruthenium  impregnated  into  the  activated 
carbon,  as  shown  in  Fig.  2.  The  present  method  has  several 
advantages  due  to  the  formation  of  stable  RuCf^OFOy,  col¬ 
loidal  particles  in  the  amorphous  form  to  yield  a  high  specific 
capacitance  for  a  relatively  low  ruthenium  loading  compared 
with  other  reports  [23,25],  in  which  voltammograms  have 
also  been  used  to  estimate  specific  capacitance.  For  exam¬ 
ple,  Kim  and  Popov  [23]  found  a  specific  capacitance  in  the 
range  220-280  Fg-1  for  a  20  wt.%  loading  of  ruthenium  in 
the  hydrous  oxide  form. 

An  electrochemical  impedance  technique  has  also  been 
employed  in  order  to  understand  the  difference  in  the  electro¬ 
chemical  behaviour  between  the  activated  carbon  and  com¬ 
posite  electrodes.  Typical  complex  plane  plots  for  these  elec- 


Fig.  4.  Cyclic  voltammogram  of  activated  carbon  at  1  mV  s  1  in  1  M  H2SO4. 
Arrow  indicates  direction  of  scan. 


trodes  are  presented  in  Fig.  6.  The  double-layer  charging,  the 
charge-transfer  resistance  and  the  diffusion-controlled  kinet¬ 
ics  are  all  well- separated  in  the  plots.  The  charge- transfer 
process  at  the  electrode-electrolyte  interface  (Eq.  (1))  is  de¬ 
termined  by  the  region  represented  by  a  semicircle  at  higher 
frequencies,  whereas  the  straight  line  inclined  at  an  angle  of 
around  45°  to  the  real  axis  represents  the  diffusion-controlled 
electrode  kinetics  in  the  lower  frequency  region.  The  fre¬ 
quency  at  which  there  is  a  deviation  from  the  semicircle  is 
the  knee  frequency,  which  reflects  the  maximum  frequency  at 
which  capacitive  behaviour  is  dominant.  Comparison  of  the 
complex  plane  plot  for  activated  carbon  with  that  for  the  com¬ 
posite  samples  with  varying  percentages  of  ruthenium  reveals 
some  interesting  differences.  The  diameter  of  the  semicircle 
continues  to  increase  with  the  increasing  percentage  of  ruthe¬ 
nium.  This  clearly  indicates  that  the  resistance  imposed  by 
RuO^OFOy  increases  with  the  percentage  of  ruthenium  in  the 
composite  sample.  The  straight  line  in  the  lower  frequency 
region  starts  deviating  from  the  behaviour  exhibited  by  ac¬ 
tivated  carbon  as  the  pores  are  occupied  by  the  amorphous 
RuCf^OFOy  in  the  various  composite  samples,  as  shown  in 
Fig.  6.  This,  in  turn,  is  reflected  by  the  variation  in  struc¬ 
tural  parameters,  such  as  surface  area,  mesopore  area,  and 
micropore  area,  as  indicated  in  Table  1 . 

Various  parameters  such  as  the  solution  resistance  (Rs, 
Q),  charge-transfer  resistance  (Rqt,  £2),  and  specific  double¬ 
layer  capacitance  (Cdi,  Fg-1)  of  the  composite  electrodes 
are  given  in  Table  2  on  the  basis  of  commonly  used  Randles 
equivalent  circuit.  Though  the  values  of  specific  capacitance 
are  smaller  than  those  calculated  by  the  voltammetric  tech¬ 
niques,  there  is  a  linear  enhancement  of  specific  capacitance. 
Thus,  RuO^OFOy  in  the  composite  samples  significantly  in¬ 
creases  the  specific  capacitance  of  activated  carbon. 
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(a)  E/V  (b)  E/V 

Fig.  5.  (a)  Cyclic  voltammograms  of  composite  sample  at  various  scan  rates  (1,  5,  lOmV  s~  1 )  in  1  M  H2SO4  and  (b)  cyclic  voltammograms  of  composite 
sample  exhibiting  cycle  dependance  of  specific  capacitance  in  1  M  H2SO4. 


Fig.  6.  Complex  plane  plots  for  (a)  activated  carbon  and  composites  in  1  M  H2SO4.  Amount  of  RUO2XH2O  in  composites  is  (b)  1.6  wt.%,  (c)  5  wt.%,  (d) 
7  wt.%  and  (e)  9  wt.%. 
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Table  2 


Parameters  calculated  from  impedance  analysis 


Amount  of 
ruthenium  (wt.%) 

RS  (92) 

Rqt  (92) 

Cdi  (mFg->) 

0 

7.5 

26.3 

3.44 

1.6 

2.2 

20.8 

20.10 

5 

2 

27.6 

50.31 

7 

2.5 

62 

59.33 

9 

2 

65 

62.83 

4.  Conclusions 

The  impregnation  of  RuO^OH)^  has  been  found  to  be  an 
effective  method  for  improving  the  energy- storage  capabil¬ 
ities  of  activated  (high  surface  area)  carbon.  The  impregna¬ 
tion  process  results  in  a  composite  material  with  homoge¬ 
neously  dispersed  RuOx(OH)y  colloidal  particles  throughout 
the  porous  network  of  the  activated  carbon.  The  presence 
of  ruthenium  in  the  activated  carbon  is  confirmed  by  SEM 
and  EDAX,  while  XRD  studies  reveal  that  RuO^OH^  is 
in  an  amorphous  state,  which  is  responsible  for  the  signifi¬ 
cant  increase  in  the  specific  capacitance.  Cyclic  voltammetric 
studies  reveal  an  increase  in  the  specific  capacitance  of  the 
activated  carbon  from  100  to  250  Fg-1  for  the  composite 
with  9  wt.%  ruthenium.  Electrochemical  impedance  analysis 
suggests  that  the  energy-storage  process  of  these  composite 
materials,  as  well  as  that  of  pure  activated  carbon,  is  limited 
by  the  mass  transport  of  electrolyte  ions  in  the  pores  of  the 
activated  carbon.  This  type  of  composite  material  containing 
a  small  amount  of  amorphous  hydrous  ruthenium  oxide  is  a 
promising  candidate  for  supercapacitor  electrodes. 
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